Droughts represent the most complex and damaging type of natural disaster, and they have taken place with increased frequency in China in recent years. Values of the standardized precipitation evapotranspiration index (SPEI) calculated using station-based meteorological data collected from 1961 to 2013 in the middle and lower reaches of the Yangtze River Basin (MLRYRB) are used to monitor droughts. In addition, the SPEI is determined for different timescales (1, 3, 6, and 12 months) to characterize dry or wet conditions in this study area. Moreover, remote sensing methods can cover large areas, and multispectral and temporal observations are provided by satellite sensors. e temperature vegetation dryness index (TVDI) is selected to permit assessment of drought conditions. In addition, the correlation between the SPEI and TVDI values is calculated. e results show that the SPEI values over different timescales reflect complex variations in drought conditions and have been well applied in the MLRYRB. Droughts occurred on an annual basis in 1963, 1966, 1971, 1978, 1979, 1986, 2001, 2011, and 2013, particularly 2011. In addition, the regional average drought frequency in the study area during 1961-2013 is 30%, as determined using the SPEI. An analysis of the correlation between the monthly values of the TVDI and the SPEI-3 shows that a negative relationship exists between the SPEI-3 and the TVDI. at is, smaller TVDI values are associated with greater SPEI-3 values and reduced drought conditions, whereas larger TVDI values are associated with smaller SPEI-3 values and enhanced drought conditions. erefore, this study of the relationship between the SPEI and the TVDI can provide a basis for government to mitigate the effects of drought.
Introduction
In the context of global warming, extreme weather and climatological events, such as flood and drought, appear to occur more frequently [1] [2] [3] [4] [5] . In particular, droughts represent a recurrent climatic phenomenon on Earth and are considered to be the most complex natural hazard [6] [7] [8] [9] ; they have a major impact on water resources, agriculture, natural ecosystems, and society [10] [11] [12] [13] . According to the American Meteorological Society, droughts can be classified into four major types, specifically meteorological, hydrological, agricultural, and socioeconomic droughts [4, 14] . Meteorological droughts occur due to a lack of precipitation and high evaporation; they occur frequently and typically trigger other types of droughts [15] .
erefore, efficient monitoring of meteorological droughts is necessary because such monitoring is the basis of providing early warnings and performing risk management in the fields of water resources and agricultural production. Several drought indices that are calculated using stationbased meteorological data are widely used for monitoring drought evolution. ese indices include the Palmer drought severity index (PDSI), the standardized precipitation index (SPI), and the standardized precipitation evapotranspiration index (SPEI) [16] [17] [18] [19] [20] . e PDSI is calculated using a water balance model originally proposed by Palmer [21] , and it considers precipitation, the supply of water, and atmospheric evaporative demand in studying wet and dry conditions. However, PDSI has several disadvantages, including the strong influence of calibration period, drawback in spatial comparability, and subjectivity in relating drought conditions to the index values [22, 23] . Nevertheless, the main disadvantage of PDSI is that it has a fixed temporal scale; thus, it cannot be used to assess types of droughts that operate at different temporal scales. Hence, McKee et al. [18] used the probabilistic precipitation approach to develop the SPI. e obvious advantages of the SPI are that it is easy to calculate, and it operates over multiple scales. Nevertheless, the SPI is calculated using only monthly precipitation data; thus, it largely ignores the mechanisms by which droughts develop. To overcome this problem, Vicente-Serrano et al. [24] proposed the SPEI, which is based on precipitation and temperature data [17, [25] [26] [27] . On short timescales, the SPEI is closely related to soil moisture, while at longer timescales, the SPEI can be related to groundwater and reservoir storage [24] .
erefore, it considers both precipitation and temperature data and combines the sensitivity of the PDSI to changes in evaporation demand with the simplicity of calculation and the multitemporal nature of the SPI [23, 28] .
Remote sensing methods, which can cover large areas, and multispectral and multitemporal observations made by satellite sensors over various scales provide other indications of drought conditions on regional scales, especially in areas with few meteorological stations. Numerous studies have suggested that a combination of the normalized difference vegetation index (NDVI) and land surface temperature (LST) can reveal information on regional drought conditions [29] [30] [31] [32] [33] . Here, the temperature vegetation dryness index (TVDI), which is based on an interpretation of the simplified NDVI-LST space, is employed to assess drought conditions, and moderate resolution imaging spectroradiometer (MODIS) data are also used [34] . MODIS data have many advanced characteristics, including a wide spectral range, high temporal resolution, and low cost [35, 36] .
In this study, we aim (1) to monitor and analyze drought conditions over different timescales (1, 3, 6 , and 12 months) in the middle and lower reaches of the Yangtze River Basin (MLRYRB) using SPEI values, (2) to evaluate relationships between SPEI and TVDI, and (3) to investigate options for an alternative drought index for spatial analysis. is paper is organized as follows: the data and methods are described in Section 2; Section 3 gives the results; and the discussion and conclusions are described in Section 4.
Data and Methods

Study Area.
e Yangtze River is one of the major rivers in China, and it has a length of approximately 6300 km and a catchment area of approximately 1.8 million km 2 . e study area is located in the middle and lower reaches of the Yangtze River (Figure 1(a) ). is study area is divided into six subbasins: the Hanjiang River system, the Dongting Lake water system, the middle reaches of the main stream, the Poyang Lake system, the lower reaches of the main stream and the delta plain. e climate in this area is warm and wet in summer and cold and dry in winter. e average annual temperature is approximately 14 to 18°C. e annual rainfall is generally approximately 1000 to 1400 mm and mainly concentrates during the flooding season (April-September), accounting for 70-80% of the annual precipitation. erefore, taking effective measures to monitor drought conditions in this area is necessary.
Data.
Monthly climate data collected from 1961 to 2013 are used in this study. ese data were obtained from the China Meteorological Data Sharing Service System (http:// cdc.nmic.cn/home.do), and they include information on precipitation, mean air temperature, maximum and minimum temperature, mean sunshine duration, wind speed, and humidity. Stations with missing meteorological data in any of the 53 years were rejected, and finally, the data from 64 meteorological stations were selected for use in this study.
Additionally, to evaluate the capability of the SPEI to reveal the spatiotemporal variation of drought, the correlations between the SPEI and TVDI values are further analyzed.
e MODIS products utilized in this study were obtained from the Earth Observing System Data Gateway of the United States' National Aeronautics and Space Administration (NASA). In this study, the MOD13A3 data product is used. is data product is provided monthly at a resolution of 1 km as a gridded level 3 image in the sinusoidal projection. Eight-day LST data are obtained from the MODIS level 3 land surface temperature products (MOD11A2) with a resolution of 1 km. In addition, eightday LST values obtained by masking the cloud pixels in the MOD11A2 data product are composited into monthly data, weighted by the number of days recorded in each month. All of the images are converted to the same coordinate system (in this study, the WGS-84 coordinate system) using the MODIS Reprojection Tool (MRT) provided by the Land Processes Distributed Active Archive Center at NASA.
Standardized Precipitation Evapotranspiration Index.
In this study, the SPEI, which is calculated as the difference between precipitation and potential evapotranspiration (PET), is used to describe the severity of drought conditions [26, 37, 38] . e ornthwaite and Penman-Monteith approaches are widely applied in the calculation of PET [39, 40] . However, the changes in the potential evaporation estimated using the Penman-Monteith method display better agreement than the ornthwaite method because the Penman-Monteith approach considers humidity and solar radiation, in addition to wind speed, and these variables may capture the magnitude of evapotranspiration [41, 42] . e semiempirical Penman-Monteith method is based on the principles of energy balance and moisture transport, and it takes both thermal and aerodynamic factors into consideration. It is considered to be among the best physically based formulas in the world. As a result, the PET is calculated using the Penman-Monteith equation in the calculation of the SPEI. e equation is expressed as
where Δ is the slope of the vapor pressure curve; R n is the net surface radiation; G is the soil heat flux; c is the psychrometer constant; u 2 is the wind speed at 2 meters; and e s and e a are the saturated vapor pressure at a given air temperature and the actual vapor pressure, respectively. e SPEI is calculated from the di erence between precipitation (P) and PET for month i:
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e calculated D i values are aggregated over different timescales. In addition, in this work, 1-, 3-, 6-, and 12-month SPEI values are calculated for each station; these quantities are specified as SPEI-1, SPEI-3, SPEI-6, and SPEI-12, respectively.
where n is the calculation frequency and k is the time scale. e water balance is then normalized using the loglogistic distribution to calculate the SPEI time series.
where α, β, and c are scale, shape, and origin parameters, respectively, which can be obtained using the L-moment procedure. e probability distribution function of the D series is then defined as
e SPEI can easily be calculated as the standardized values of F(x) [4, 24] .
where W � ������� −2 ln(p) and p is the probability of exceeding a determined D value [24] .
e constants are C 0 � 2.515517; 
Temperature Vegetation Dryness Index.
Remote sensing methods are applied together with station-based meteorological data to determine the temporal and spatial distribution of drought conditions [44, 45] . In this study, the TVDI is used to evaluate the applicability of the SPEI to reveal the spatiotemporal variation of drought and analyze the correlations between the SPEI and TVDI values. Based on remotely sensed observations, the TVDI is defined as
where LST is the observed LST; LST max is the maximum temperature in a triangle in the LST-NDVI space and is known as the dry edge, which means the minimum surface water content for the same degree of vegetation coverage; and LST min is the minimum temperature (wet edge), meaning that the amount of surface water is sufficient. e LST max and LST min values are determined by fitting maximum and minimum temperature lines to the NDVI values [46] . Both the wet and dry edges that make up the NDVI-LST triangle represent the results of linear regressions. e resulting equations are represented as:
where a 1 and a 2 are the intercepts for the wet and dry edges and b 1 and b 1 are the slopes for the wet and dry edges, respectively [41] . us, the TVDI can be expressed as
erefore, to perform further analyses of the efficiency of the SPEI, the TVDI values corresponding to the locations of different meteorological stations are extracted in this study.
Results
Temporal Variations in Drought Conditions.
e values of the SPEI calculated over different timescales are beneficial in monitoring drought conditions. According to the methodology described above, the SPEI values of 64 stations calculated for 1961-2013 are averaged to assess dry or wet conditions in the whole MLRYRB, and the regional SPEI is obtained over different timescales (1, 3, 6 , and 12 months) using monthly meteorological station-based data for 1961-2013. e SPEI values calculated over different timescales reflect the evolution of wet and dry conditions in different regions of the MLRYRB. Figure 2 shows that the values of the SPEI-1 fluctuates about the zero scale line, reflecting alternating dry-wet conditions throughout 1961-2013 in the MLRYRB. e SPEI-3 shows the characteristics of short-term drought and demonstrates the seasonal variability of drought conditions, which display a greater frequency of fluctuations similar to those seen in the SPEI-1 values. Similarly, the SPEI-6 and SPEI-12 values display the long-term characteristics of drought variability clearly. e results show that the SPEI values over different timescales reflect complex variations in drought conditions.
To illustrate the distribution of drought events in different years, monthly contours are generated. e drought events during 1961-2013 were then superimposed on the monthly contours. Moreover, the SPEI values on a 3-month scale refer to the seasonal water deficits caused by droughts.
e SPEI value corresponding to December in each year represents the annual SPEI. Similarly, the May, August, November, and February SPEI values represent the spring, summer, autumn, and winter values, respectively. As shown in Figure 3 , mild droughts occur most frequently, followed by moderate droughts. Moreover, the SPEI-1 and SPEI-3 values reflect short-term droughts, whereas the SPEI-6 and SPEI-12 values reflect long-term droughts. In addition, droughts occurred on an annual basis in 1963, 1966, 1971, 1978, 1979, 1986, 2001, 2011, and 2013 . e drought events occurred in the dry year have also been reported by some previous studies [47, 48] , which also proves the e ciency of the SPEI in capturing the drought events in our study area.
Spatial Variations in Drought Conditions.
To demonstrate further the spatial and temporal distribution of drought conditions in the study area, the distribution characteristics of drought frequency at the 64 weather stations are analyzed. Using the 53-year records from the weather stations, di erent levels of drought frequency are computed. Figure 4 shows the drought frequency at the 64 meteorological stations in the MLRYRB based on the SPEI-3 values. ese results indicate that mild droughts occur most frequently, followed by moderate droughts; severe and extreme droughts occur relatively infrequently. e regional average drought frequency in the study area during 1961-2013 is 30%, as determined using the SPEI. Daoxian displays the maximum drought frequency, which exceeds 34%; the drought frequencies in Nanjing of Jiangsu province and Jingzhou of Hubei province (33.91% and 33.83%, resp.) are only slightly lower. In addition, Zhijiang 
Correlation Analysis between the SPEI and TVDI Values.
An analysis of the correlation between the SPEI and TVDI values is evaluated, in which the TVDI values are estimated using scatterplots of LST and NDVI values. A correlation analysis is then conducted between the SPEI and TVDI values, in which the TVDI values are estimated using scatterplots of LSTand NDVI values. In this study, the NDVI values are obtained from the MOD13A3 data, and the monthly LST data are obtained from the 8-day MOD11A2 product by taking monthly weighted averages. Table 2 shows the average correlations between the SPEI-3 and TVDI values for all stations in 2013. is table shows that the SPEI-3 and TVDI values are negatively correlated. at is, smaller TVDI values are associated with greater SPEI-3 values and reduced drought conditions, whereas larger TVDI values are associated with smaller SPEI-3 values and enhanced drought conditions. e average correlation between the SPEI-3 and TVDI values in 2013 is −0.58. In addition, the correlation coe cients pass a signi cance test (P < 0.05). Figure 5 shows the spatial-temporal variability in the distribution of drought conditions detected using the TVDI from January to December in 2013. In these results, the TVDI values range from 0 to 1; lower TVDI values are associated with wetter areas, whereas higher values represent drier areas. On the whole, the northwestern part of the MLRYRB is relatively humid. In addition, the frequency of drought occurrence is high in the central and southeastern parts. e results show that the highest correlation is obtained between the SPEI and TVDI values, which represents a new insight that can be employed in further studies of the combination of meteorological drought indices and remote sensing-based drought monitoring. Previous studies analyzed the relationship between SPEI and remote sensing drought indices [4, 28, 49] . e focus of their research is mainly on the NDVI-derived drought indices, such as the Vegetation Condition Index (VCI). However, NDVI is often referred to a greenness index rather than a drought index [50] .
e LST has been found to provide valuable information on surface moisture conditions [51] . erefore, the analysis of correlations between SPEI and TVDI in this study provides new ideas for monitoring drought.
Conclusions
In this study, the temporal and spatial variations in drought conditions over di erent timescales (1-, 3-, 6-, and 12-month) in the MLRYRB are quantitatively detected and analyzed using the SPEI; meteorological data collected at 64 meteorological stations from 1961 to 2013 are used. Moreover, the spatial distribution of drought conditions is further analyzed using the TVDI, and the correlation between the SPEI and TVDI values is assessed to investigate the e ciency of the SPEI. e main conclusions can be summarized as follows: (1) e e ciency of the SPEI in demonstrating changes in dry and wet conditions in the MLRYRB has been well demonstrated [52] . In addition, meteorological droughts normally precede and trigger other types of droughts [4] . In our study, the same standard is used to classify drought conditions based on the SPEI values over di erent timescales. However, for the same level of agricultural drought, the SPEI threshold values should di er with the time scale, and these threshold values must be con rmed and veri ed using actual drought conditions. Due to the bu ering inuence of soil moisture, the values for short timescales should be higher than the values for long timescales.
erefore, comprehensive drought classi cation over different timescales should be considered in future studies.
In this work, we use a combination of the SPEI and TVDI methods to reconstruct drought conditions in the MLRYRB because this approach re ects changes in drought conditions over multiple scales and considers precipitation and temperature data. is method yields good results in the MLRYRB [53] ; however, it has not been compared with other drought indices, such as the SPI and the PDSI [43, 54] . erefore, future studies will include a comparative analysis of several drought indices. Although many factors are considered by the SPEI method, droughts are a ected by topography and human activities, which have considerable e ects on the development of droughts. erefore, future research will focus on how to correctly understand the mechanisms that underlie the observed spatiotemporal di erences in drought conditions and how to predict and address the occurrence of droughts, thus supporting the sustainable development of human beings and society. 
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